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ABSTRACT Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has become a serious threat to global public health,
underscoring the urgency of developing effective therapies. Therapeutics and, more specifi-
cally, direct-acting antiviral development are still very much in their infancy. Here, we
report that two hepatitis C virus (HCV) fusion inhibitors identified in our previous study,
dichlorcyclizine and fluoxazolevir, broadly block human coronavirus entry into various cell
types. Both compounds were effective against various human-pathogenic CoVs in multi-
ple assays based on vesicular stomatitis virus (VSV) pseudotyped with the spike protein
and spike-mediated syncytium formation. The antiviral effects were confirmed in SARS-
CoV-2 infection systems. These compounds were equally effective against recently
emerged variants, including the delta variant. Cross-linking experiments and structural
modeling suggest that the compounds bind to a hydrophobic pocket near the fusion
peptide of S protein, consistent with their potential mechanism of action as fusion inhibi-
tors. In summary, these fusion inhibitors have broad-spectrum antiviral activities and may
be promising leads for treatment of SARS-CoV-2, its variants, and other pathogenic CoVs.

IMPORTANCE SARS-CoV-2 is an enveloped virus that requires membrane fusion for entry
into host cells. Since the fusion process is relatively conserved among enveloped viruses,
we tested our HCV fusion inhibitors, dichlorcyclizine and fluoxazolevir, against SARS-CoV-2.
We performed in vitro assays and demonstrated their effective antiviral activity against
SARS-CoV-2 and its variants. Cross-linking experiments and structural modeling suggest that
the compounds bind to a hydrophobic pocket in spike protein to exert their inhibitory
effect on the fusion step. These data suggest that both dichlorcyclizine and fluoxazolevir
are promising candidates for further development as treatment for SARS-CoV-2.

KEYWORDS SARS-CoV-2, COVID-19, viral entry, viral fusion, fusion inhibitor, broad-
spectrum antiviral, antiviral agents, coronavirus, structural modeling, viral variants

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped, single-

stranded, positive-sense RNA virus with a genome size of ~30 kb. It belongs to the family
Coronaviridae (1) and is the pathogen responsible for the coronavirus disease 2019 (COVID-19)
pandemic. In addition to SARS-CoV-2, several other strains of coronaviruses are highly patho-
genic in humans. For example, SARS-CoV and Middle East respiratory syndrome coronavirus
(MERS-CoV) have caused widespread infections in 2002 and 2012, respectively. No vaccines or
effective drugs for either SARS-CoV or MERS-CoV are available, and despite significant efforts,
treatment options for COVID-19 are also limited, even with many drug candidates currently
and previously undergoing clinical trials. So far, the only small molecule direct-acting anti-
viral that has received approval by the U.S. Food and Drug Administration (FDA) is remde-
sivir (Veklury), an inhibitor of the viral RNA-dependent RNA polymerase. Remdesivir was
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initially developed for the treatment of Ebola virus infection and recently recognized as a
promising broad-spectrum antiviral against RNA viruses (2, 3). Remdesivir can shorten re-
covery time but does not improve mortality in those with serious COVID-19 (4, 5), under-
scoring the urgent need for development of effective antivirals.

Given the challenges in developing reliable high-throughput screening of SARS-CoV-2
inhibitors in infectious system, we focused on the development of viral entry inhibitors, a
process that can be accurately assessed by currently available methods without a high-
containment facility.

The SARS-CoV-2 spike (S) glycoprotein is required for viral entry into host cells. The
S protein has two functional domains, S1 and S2 (6). S1 contains a receptor-binding domain
(RBD), and S2 drives the fusion of viral and host membrane once S1 binds to its host cell
receptor, angiotensin-converting enzyme 2 (ACE2). After S1-ACE2 binding, S is cleaved by
cellular proteases, such as transmembrane protease serine subtype 2 (TMPRSS2) or endoso-
mal cathepsins, to expose the fusion peptide that apposes viral and host cell membranes
for fusion (7, 8). Coronaviruses can deliver their genomes to the host cytoplasm by either
direct fusion with the plasma membrane (pH independent) or utilizing the host cell’'s endo-
cytic pathway (pH dependent) (9). Viral entry, therefore, can be blocked by not only directly
inhibiting S-ACE2 binding but also by interfering with fusion by targeting the S fusion pep-
tide, cellular proteases, or other factors critical for the endocytic route.

We previously identified several hepatitis C virus (HCV) entry inhibitors targeting the fusion
step (10-15). Since the fusion process is relatively conserved among enveloped viruses, we
aimed to test several of our HCV fusion inhibitors against SARS-CoV-2 (16, 17). We selected
promising candidates dichlorcyclizine (DCCZ) and fluoxazolevir for further characterization.
Here, we report the antiviral effects and putative mechanisms of these compounds against
various pathogenic human CoVs. Both dichlorcyclizine and fluoxazolevir are highly effective in
in vitro assays, including SARS-CoV-2 S pseudotyped particles, chimeric vesicular stomatitis vi-
rus (VSV), and cell-cell fusion assays. The results were confirmed by using SARS-CoV-2 infection
systems in vitro. Both compounds were active against recently described SARS-CoV-2 variants,
including the delta variant, in various virological assays (18-35). Thus, dichlorcyclizine and
fluoxazolevir are promising candidates for further development and could be important in
stopping the spread of and treating those infected by SARS-CoV-2 as well as future emerging
coronaviruses.

RESULTS

Dichlorcyclizine and fluoxazolevir inhibit human CoV S-mediated infection. We
previously reported the identification and development of two fusion inhibitors for
HCV: dichlorcyclizine and fluoxazolevir (10-15). As the fusion process is relatively conserved
(16, 17), we hypothesized that these two probes also may be active against other viruses.
We tested these inhibitors against SARS-CoV, SARS-CoV-2, and MERS-CoV, together with (S)-
chlorcyclizine [(S)-CCZ], an approved antihistamine drug that is related to dichlorcyclizine
(36) and other recently described SARS-CoV-2 entry inhibitors, such as chloroquine (37),
camostat (38), and E-64d (38). For in vitro experiments, pseudotyped VSVs harboring SARS-
CoV S (SARS-Spp), SARS-CoV-2 S (SARS2-Spp), and MERS-CoV S (MERS-Spp) were generated
to test the efficacy and define the mechanism of the inhibitors. We tested three cell lines,
African green monkey kidney cells (MA104), human embryonic kidney cells expressing ACE2
(293ACE2), and human hepatoma cells (Huh7), which are susceptible to SARS-CoV-2 infec-
tion (39). All three cell lines were susceptible to infection by each of the pseudotyped
viruses, with the exception of 293ACE2 cells that was not susceptible to MERS-Spp, because
this cell line lacks the MERS-CoV receptor DPP4 (40). (S)-CCZ, dichlorcyclizine, and fluoxazo-
levir suppressed SARS-Spp and SARS2-Spp entry in MA104 (Fig. 1a), 293ACE2 (Fig. 1b), and
Huh?7 (Fig. 1c) cells with 50% effective concentration (ECs,) values in the range of single-digit
micromolar concentrations (Table 1). The three compounds also exhibited efficient inhibition
of MERS-CoV-Spp entry in MA104 and Huh7 (see Fig. S1 in the supplemental material).
Chloroquine and E-64d (cathepsin B/L inhibitor) but not camostat (TMPRSS2 inhibitor)
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FIG 1 (S5)-CCZ, dichlorcyclizine, and fluoxazolevir inhibit human CoV S-mediated infection. The chemical structures of (S)-CCZ, dichlorcyclizine, and

fluoxazolevir are shown on the top. SARS-CoV and SARS-CoV-2 pseudotyped virus infection and cytotoxicity (right) assays were performed in MA104 (a),
293ACE2 (b), and Huh7 (c) cells with (5)-CCZ, dichlorcyclizine, and fluoxazolevir, with dimethyl sulfoxide (DMSO) as a control (see Materials and Methods).
Luminescent signals were measured using a POLARstar Omega plate reader. EC,, and CC,, values were calculated using Prism 7 software. Each data point
is presented as mean values = standard errors of the means (n = 6 to 8 biological independent replicates). All results are representative of three

independent experiments.

inhibited SARS-Spp and SARS2-Spp entry in all three cell lines (Fig. S1). Similarly, chloroquine
and E-64d but not camostat reduced MERS-Spp entry for MA104 and Huh7 cells (Fig. S1).

To test whether these compounds are not toxic, a cytotoxicity assay was performed.
In MA104 and 293ACE2 cell lines, no cytotoxicity was detected for all compounds (50% cyto-
toxic concentration [CCy], >100 pM), while (S)-CCZ, dichlorcyclizine, fluoxazolevir, and chloro-
quine exhibited some cytotoxicity in Huh7 cells at high concentrations (CCs, > 30 uM)
(Fig. 1). In addition, we tested VSV-Gpp entry in MA104, Huh7, and 293ACE2 cells with the
above-described 6 inhibitors. Chloroquine showed strong inhibition, whereas fluoxazolevir
exhibited minimal and (S)-CCZ and dichlorcyclizine displayed no inhibition (Fig. S2a and b),
suggesting some selectivity of these compounds against coronavirus spike proteins over VSV
glycoprotein.

Next, we tested these compounds in recombinant chimeric vesicular stomatitis virus
(rVSV-SARS-CoV-2-S5-GFP) that has been genetically engineered to express green fluorescent
protein (GFP) and SARS-CoV-2 S protein in place of its native envelope glycoprotein, G pro-
tein (39). This reporter virus is capable of replicating and propagating in cells susceptible to
SARS-CoV-2. Both dichlorcyclizine and fluoxazolevir as well as chloroquine inhibited rVSV-
SARS-CoV-2-S-GFP infection of MA104 cells (Fig. 2a). Quantification of the GFP signals was
used to generate a dose-dependent curve with ECy, values within a single-digit micromolar
range (Fig. 2b). VSV RNA levels of the infected cells were quantified by reverse transcription-
quantitative PCR (RT-qPCR) and showed a similar dose-response curve (Fig. 2c).

Dichlorcyclizine and fluoxazolevir inhibit wild-type SARS-CoV-2 infection. To confirm
whether these compounds are active against infectious live virus, we tested them in three
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TABLE 1 Summary of EC, and CCs, values for SARS-CoV-2

Compound and cell EC,, (uM) =Sy CC,,
(S)-ccz

MA104 4.09 11.14 36.18

293ACE2 11.40 ND“ >100

Huh7 9.20 ND 41.69
Dichlorcyclizine

MA104 4.53 ND >100

293ACE2 2.34 ND >100

Huh7 3.05 ND 69.15
Fluoxazolevir

MA104 3.86 18.5 >100

293ACE2 6.62 13.64 >100

Huh7 2.64 ND 32.64
Chloroquine

MA104 7.65 32.28 >100

293ACE2 2.07 30.18 >100

Huh7 4.38 ND 37.54
Camostat

MA104 >100 ND >100

293ACE2 >100 ND >100

Huh7 >100 ND >100
E-64d

MA104 0.14 3.07 >100

293ACE2 0.21 0.68 >100

Huh7 0.26 9.29 >100

9ND, not determined on account of either not reaching 90% inhibition with the highest concentration of
compound or substandard dose-response curve.

infectious SARS-CoV-2 systems, one using a standard wild-type SARS-CoV-2 strain (2019-
nCoV/USA-WA1/2020 strain) and two recombinant infectious viruses expressing a
mNeonGreen reporter (icSARS-CoV-2mNG) (41) or Nanoluciferase (SARS-CoV-2-NLuc). We
measured the antiviral activity of dichlorcyclizine and fluoxazolevir against SARS-CoV-2
using remdesivir as a control (Fig. 2d to f). Both dichlorcyclizine and fluoxazolevir showed
inhibition of icSARS-CoV-2mNG and SARS-CoV-2-NLuc infections with EC, values in the
single-digit micromolar range (Fig. 2d and e). In wild-type SARS-CoV-2 infection cell cul-
ture, viral replication was measured by RT-gPCR of SARS-CoV-2 RNA. Both dichlorcyclizine
and fluoxazolevir showed dose-dependent inhibition with up to 2-log suppression of viral
RNA levels (Fig. 2f), which was less than that of remdesivir (up to 3 logs).

Inhibition of SARS-CoV-2 spike variants by dichlorcyclizine and fluoxazolevir.
Recently various SARS-CoV-2 variants have emerged in various parts of the world and
appear to be more infectious and virulent and perhaps less susceptible to vaccine-induced
immunity (18-24, 31-35). Thus, we generated pseudotyped VSVs harboring SARS-CoV-2 S
with mutations reported in the alpha, beta, delta, and other variants, either in combination
or individually (25-27). First, to estimate the infectivity of S pseudotyped viruses of alpha,
beta, and delta variants and those with individual mutations in our system, we quantified
the genome copy numbers of the pseudotyped viruses by using quantitative PCR primers in
the VSV L gene and then measured infectivity by using the same multiplicity of infection
(based on genome copy number). Additional mutants harboring individual L452R, S477N,
N679S, and Q677H mutations that have been reported in other variants were also tested for
infectivity. All mutants were similarly infectious with less than a 2-fold difference (Fig. 3a).

Wild-type, alpha, beta, and delta pseudoviruses showed similar susceptibility to
both dichlorcyclizine and fluoxazolevir with similar ECy, values (Fig. 3b). In addition, we
tested our compounds against various individual mutations in the spike protein of these
and other reported variants, such as N439K, Y453F, E484K, N501Y, D614G, and P6381H.
Chloroquine and E-64d were also tested against these variants. Like the above-described
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FIG 2 Dichlorcyclizine and fluoxazolevir suppress wild-type SARS-CoV-2 infection. (a to c¢) MA104 cells were treated with
chloroquine, dichlorcyclizine, and fluoxazolevir at the indicated concentrations for 1 h and infected with rVSV-SARS-CoV-2-S-eGFP
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results, the mutants harboring individual mutations also showed similar EC;, values with
minor variations (<2-fold) against all compounds (Fig. 3c).

Next, we tested isolates of infectious alpha and beta variants against our compounds.
Both dichlorcyclizine and fluoxazolevir showed similar inhibition against wild-type, alpha,
and beta SARS-CoV-2 variants in Vero E6 cells with and without TMPRSS2 expression (Fig. 3d).

Dichlorcyclizine and fluoxazolevir do not block SARS-CoV-2 binding to cells. To
investigate whether dichlorcyclizine and fluoxazolevir interfere with the initial attachment
of virus to the cells, a viral binding assay was performed. Cells were first incubated with
the SARS2-Spp in the presence of the compounds at 4°C for binding and then raised to
37°C for entry. Cell-associated viral RNA was then isolated and quantified. Heparan sulfate,
anti-S1 (RBD) antibody, and E-64d were also tested in the assay. Previous studies showed
that SARS-CoV-2 binds with high affinity to certain glycosaminoglycans of cell surface pro-
teoglycan, such as heparan sulfate, which likely mediates the initial attachment of virus to
the cells (42, 43). Heparan sulfate significantly inhibited the binding of SARS-CoV-2 virus to
cells, whereas E-64d, dichlorcyclizine, and fluoxazolevir had little or no effect on viral bind-
ing (Fig. 4a). Anti-S1 (RBD) antibody that blocks the interaction of RBD with ACE2 inhibited
SARS-CoV-2-S pseudotyped virus infection efficiently (Fig. S2c) but did not affect much vi-
ral binding (Fig. 4a). This finding is consistent with previous reports that heparan sulfate
proteoglycan (HSPG) binds to the S1 in a distinct domain from the ACE2-binding RBD, and
interaction between the RBD and ACE2 likely occurs after the initial attachment of the vi-
rus to cells via HSPG (42, 43).

Dichlorcyclizine and fluoxazolevir inhibit a late entry stage of SARS-CoV-2 infection.
To further elucidate the mechanism of action for dichlorcyclizine and fluoxazolevir, a time of
addition assay was performed (14). Neutralizing antibody targeting the S1 domain of spike
and E-64d were used as controls. In order to allow binding and synchronized entry, SARS2-
Spp was added from —2 h to 0 h at 4°C for allowing binding of the viruses to the host cell
surface and to synchronize entry. The temperature then was increased from 4°C to 37°C for
internalization of the viruses. Compounds were added at different time points for 2 h to
determine the timing of inhibition during entry. Anti-S antibody showed inhibition when
present from —2 h to 0 h, but dichlorcyclizine and fluoxazolevir displayed minimal inhibition
in this time period (Fig. 4b). In contrast, when compounds were present from 0 h to 2 h and
0.5 h to 2.5 h, both dichlorcyclizine and fluoxazolevir showed potent inhibition, whereas
anti-S antibody had little effect, indicating that the compounds target a late stage of viral
entry (Fig. 4b). E-64d displayed inhibition during binding (—2 to 0 h), early (0 to 2 h, 0.5 to
2.5 h), and middle (1 to 3 h) entry time points (Fig. 4b). E-64d, while supposedly blocking vi-
ral entry at the fusion step like our two compounds, is an irreversible inhibitor (44) and, thus,
would be expected to also show inhibition when it was added earlier (—2 to 0 h).

Dichlorcyclizine and fluoxazolevir block SARS-CoV-2 spike protein-mediated
cell-cell fusion. SARS-CoV, SARS-CoV-2, and MERS-CoV can enter cells via either plasma
membrane or endosomal membrane fusion, depending on the availability of cell surface-
associated proteases, such as TMIPRSS2, and other undetermined factors (7, 38). To assess
SARS-CoV-2 S protein-mediated plasma membrane fusion, we developed two distinct cell-
cell fusion assays: the SmBit-LgBit (split luciferase) and GFP-RFP systems (Fig. S3). Briefly,
donor cells (HeLa cells) express S-SmBit or S-GFP fusion protein. Hela cells are not suscep-
tible to SARS-CoV-2 infection because they do not express ACE2 (39) and, thus, do not
undergo self-fusion. Confocal microscopy was performed to demonstrate the expression

FIG 2 Legend (Continued)

(multiplicity of infection, 3). At 24 hpi, cells were fixed and the GFP signals were captured and quantified using a Typhoon
biomolecular imager (a) and then plotted as percentage of inhibition (b). Scale bar, 100 um. (c) Alternatively, VSV-N RNA levels
were measured by RT-gPCR and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. (d) Vero E6 cells
were treated with remdesivir (10 M), dichlorcyclizine (10 ©M), fluoxazolevir (30 uM), and DMSO as a control and infected with
icSARS-CoV-2-mNeonGreen (multiplicity of infection, 0.5). At 24 hpi, cells were fixed and the mNeonGreen signals were captured
and quantified using a Typhoon biomolecular imager (top) and then plotted as percentage of inhibition (bottom). Scale bar,
100 um. (e) Vero E6 cells were infected with SARS-CoV-2-NLuc at a multiplicity of infection of 0.1. At 16 hpi, luminescent signals
were measured by using a POLARstar Omega plate reader. EC;, was calculated using Prism 7 software. (f) Infection was performed
with wild-type SARS-CoV-2 and treated with the compounds. At 24 hpi, SARS-CoV-2 RNA levels were measured by RT-gPCR using
primers in the N gene and normalized to GAPDH expression. All results are representative of three independent experiments.
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FIG 3 Efficacy of dichlorcyclizine and fluoxazolevir against SARS-CoV-2 variants. (a) VSV-SARS-CoV-2-S pseudotyped virus containing N439K, L452R, Y453F,
S477N, E484K, N501Y, D614G, Q677H, N679S, or P681H mutation was generated. VSV L mRNA levels were measured to calculate genome copy numbers
per volume of pseudotyped VSV stock. The cells were then infected with the same multiplicity of infection, and luminescent signals were measured using a
POLARstar Omega plate reader. Each data point is presented as mean values = SEM (n = 6 to 8 biological independent replicates). (b) VSV-SARS-CoV-2-S
pseudotyped viruses containing mutations appearing in alpha, beta, and delta variants were generated and tested against dichlorcyclizine and fluoxazolevir
in Huh7 cells. Luminescent signals were measured using a POLARstar Omega plate reader 24 h after infection. EC,, values are calculated using Prism 7
software and shown in the table on the right. Each data point is presented as mean values = SEM (n = 6 to 8 biological independent replicates). (c) VSV-
SARS-CoV-2-S pseudotyped viruses containing N439K, Y453F, E484K, N501Y, D614G, or P681H mutations were tested against (S)-CCZ, dichlorcyclizine, and
fluoxazolevir in Huh7 cells. Luminescent signals were measured using a POLARstar Omega plate reader. EC;, values are calculated using Prism 7 software
and shown in the table on the right. Each data point is presented as mean values = SEM (n = 6 to 8 biological independent replicates). (d) Vero E6 and
Vero T2 cells were infected with wild-type, alpha, and beta variants at a multiplicity of infection of 0.1 with or without 10 ©M the compounds. At 16 h
postinfection, SARS-CoV-2 RNA was measured using primers targeting N. Relative levels of the viral genome were calculated using the GAPDH gene as a
normalization control. The data are presented as means = SD (three independent replicates). All results are representative of three independent experiments.

of spike protein in the donor cells (HeLa) (Fig. S4). The expressed S protein was stained by
antibody to either ST or S2 domain and displayed both cytoplasmic and cell membrane
staining. Recipient cells are 293ACE2 cells expressing LgBit or RFP. After successful fusion
between donor and recipient cells, interaction between SmBit and LgBit emits luminescent
signals (Fig. S3a), and colocalization between GFP and red fluorescent protein (RFP) gener-
ates yellow fluorescence signal (Fig. S3b).
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FIG 4 Time-of-addition and cell-cell fusion assays. (a) Huh7 cells were chilled to 4°C following incubation with ice-cold pseudotyped virus
and compounds at 4°C for 2 h to allow binding but not internalization. The cells then were washed twice with plain medium and once

(Continued on next page)
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To confirm that the fusion event is mediated specifically by the binding of S to its
receptor, ACE2, we tested wild-type cells that do not express SmBit, LgBit, GFP, or RFP. We
also tested donor cells expressing GFP-SmBit without the S protein as a negative control
(Fig. S3c to e). In addition, an anti-S antibody capable of neutralizing SARS-CoV-2 S-medi-
ated infection was used to show that the fusion can be blocked (Fig. 4c and d). Both cell-
cell fusion assays model the plasma membrane fusion route and provide mechanistic
insight into the action of our compounds.

(5)-CCZ, dichlorcyclizine, and fluoxazolevir inhibited donor-recipient fusion events
in the SmBit-LgBit system (Fig. 4c). Notably, dichlorcyclizine exhibited potent inhibition
at levels similar to the positive control, itraconazole (45, 46) (Fig. 4c). Camostat and E-64d did
not suppress fusion events, probably because TMPRSS2 is not expressed on 293ACE2 cells
and endosomal cathepsins are not involved in cell-cell surface fusion (Fig. 4c). An anti-S anti-
body was also effective in blocking fusion.

In the GFP-RFP system of the cell-cell fusion assay, (S)-CCZ, dichlorcyclizine, and fluoxazole-
vir showed inhibition of fusion (Fig. 4d). The colocalization signals were quantified and
are shown in the lower panel of Fig. 4d. Dichlorcyclizine exhibited strong inhibition simi-
lar to that of itraconazole. As in the SmBit-LgBit system, camostat and E-64d did not
decrease fusion signals (Fig. 4d). Taken together, (S)-CCZ, dichlorcyclizine, and fluoxazole-
vir likely inhibit plasma membrane fusion mediated by SARS-CoV-2 S, with dichlorcycli-
zine being the most potent compound.

Absence of drug resistance-associated mutations by in vitro selection. Antibody
resistance-associated mutations in the SARS-CoV-2 S protein, particularly in the receptor bind-
ing domain, can emerge readily both in vitro and in vivo (47-49). Thus, the potential emer-
gence of drug resistance-associated mutations for any direct-acting antivirals developed
against SARS-CoV-2 would be a concern. The locations of these viral mutations would also
provide valuable insight into the mechanism of action of these antivirals (15). To address this
question, we tested the recombinant chimeric VSV (rVSV-SARS-CoV-2-S-GFP) used previously
to generate antibody resistance mutations (50) to select for drug resistance-associated muta-
tions against dichlorcyclizine. This virus was serially passaged in increasing concentrations of
dichlorcyclizine, and any passaged viral isolates showing putative resistance to dichlorcyclizine
(>2-fold increase in ECs,) would be sequenced for any S protein mutations (Fig. S5). After 25
serial passages, we did not observe any clear emergence of drug-resistant viral isolates.

CCZ-diazirine probe specifically cross-links SARS-CoV-2 spike protein. To identify
the molecular target for chlorcyclizine, we used a previously reported photoaffinity probe
CCZ-DB (15). First, CCZ-DB, when tested against VSV-SARS-CoV-2-S pseudotyped virus, was
active in a dose-dependent manner, with ECy, values of 12.92 uM (Fig. 5a). The DB-Ctrl control
probe was inactive. We previously reported the binding of CCZ to a putative fusion peptide
pocket in HCV E1 protein (15). Here, we hypothesized that CCZ binds to the appropriate coun-

FIG 4 Legend (Continued)

with PBS to remove unbound virus. The VSV L gene mRNA level was measured by RT-qPCR. The concentrations used for this experiment
are following: heparin sodium porcine mucosa (25 uM), anti-S1 antibody (15 wg/ml), E-64d (15 M), dichlorcyclizine (15 uM), and
fluoxazolevir (15 wM). (b) Time of addition assay was performed with anti-S antibody, E-64d, dichlorcyclizine, and fluoxazolevir (see
Materials and Methods). Huh7 cells were chilled to 4°C and then incubated with ice-cold pseudotyped virus at 4°C for 2 h to allow
binding but not internalization. After binding, cells were incubated at 37°C overnight to allow for internalization. Compounds were added
during binding (—2 to 0 h) or at early (0 to 2 h, 0.5 to 2.5 h), middle (1 to 3 h), or late (3 to 5 h) entry time points postbinding. For the
continuous treatment groups, compounds were added during the 4°C binding stage (=2 to 0 h) and added for an additional 5 h after
washing and temperature shift to 37°C (0 to 5 h). For all other treatment groups, compounds were washed off 2 h after addition. Cells
were lysed 24 h postinfection and were measured for their luciferase activity. Luminescent signals were measured using a POLARstar
Omega plate reader. The results are representative of three independent experiments. (c) Cell-cell fusion assays were performed with (S)-
CCZ, dichlorcyclizine, fluoxazolevir, and other control compounds (see Materials and Methods). The S-SmBit-transfected donor (Hela) and
the LgBit-transfected recipient (293ACE2) cell mixture were treated with four different concentrations (30 uM, 10 uM, 3 uM, and 1 uM) of
the above-described compounds and DMSO as a control for 48 h. Anti-S antibody (Ab) was used as a positive control. After incubation,
luminescent signals were measured using a POLARstar Omega plate reader. Each data point is presented as mean values = SEM (n = 4
biological independent replicates). (d) These compounds at 30 uM were used to treat S-GFP-transfected donor (Hela) and the RFP-
transfected recipient (293ACE2) cell mixture for 48 h. Anti-S antibody was used as a control. Representative fields are shown. For
quantification, 20 fields were randomly selected from 4 replicates to measure the fused cells under a CellSens fluorescence microscope.
ImageJ was used to quantify colocalization signals. For statistical comparison, adjusted P values are shown (versus DMSO control, *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001). All results are representative of three independent experiments. Scale bar, 100 wm.
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terpart of HCV E1 in SARS-CoV-2, which is the fusion peptide of spike protein. Using the photo-
affinity probe CCZ-DB, we showed its direct binding to the recombinant SARS-CoV-2 S1-52
protein only after UV-activated cross-linking (Fig. 5b). DB-Ctrl was used as a control. The
binding shows specificity because a 30-fold excess of dichlorcyclizine could outcompete
the cross-linking of the probe to the spike protein.

Association of dichlorcyclizine and fluoxazolevir with S fusion peptide by molecular
modeling. Dichlorcyclizine and fluoxazolevir have been shown to bind near the putative
fusion peptide of HCV (10-15). We reasoned they also bind to a similar domain in the S pro-
tein of SARS-CoV-2. The fusion peptide (FP) (amino acid 815 to 852) of SARS-CoV-2 mediates
viral fusion and is highly flexible, with a well-defined N-terminal short helix followed by a dis-
ordered C-terminal structure in the prefusion structure of S (6, 51, 52) (Fig. 5¢). The C-termi-
nal FP, also referred to as the fusion peptide-proximal region (FPPR), can form a more
packed and defined structure in the S trimer complex that exhibits an RBD-down conforma-
tion (51) (Fig. 5¢c). Analysis of these available structures showed a well-defined hydrophobic
pocket formed by the FP helix region and the adjacent HR1 domain (Fig. 5¢c). The hydropho-
bic pocket is partially covered by the structured FPPR in the RBD-down conformation, while
it is rather open and extended to a hydrophobic groove along the adjacent HR1 helix and
the FP disordered structure in the RBD-up conformation.

We modeled the flexible FP loop and performed molecular dynamic simulations to
examine the dynamics and conformational changes of the FP in an open and intermediate
conformation, which is directly associated with its functional role in the membrane fusion
process. Docking of dichlorcyclizine and fluoxazolevir to these ensembles of structural con-
formations showed that these small molecules are accommodated well in the FP hydropho-
bic pocket (Fig. 5c and Fig. S6). DCCZ can dock into both open and close conformations of
the fusion peptide. Fluoxazolevir, because of its extended structure, can dock into the open
conformation but is partially blocked by the structured FPPR in the RBD-down conformation.
It is interesting that the well-described variant carrying the D614G mutation has a more
RBD-up conformation of the S protein (31), which may be more accessible to inhibitors like
fluoxazolevir.

For DCCZ, an H-bond is formed between the piperazine N with D867, similar to the key
H-bonding interaction in HCV (15). Another interaction can occur with F833 from the FP,
which points into the pocket and forms -7 stacking interaction with the phenyl group
of DCCZ, while the chlorine can form halogen bonding with FP residue D830. A nearby FP
residue, F823, can also form -7 stacking interaction with the other phenyl group of
DCCZ, and V826 and L828 can contribute to 7r-alkyl interaction with both phenyl groups
(Fig. 5¢). Fluoxazolevir fits into the same pocket with potential hydrogen bonds between
N of the oxazole and the same D867 residue (Fig. 5¢). Other potential hydrogen bonds can
also form between N of the central piperidine and T732 as well as between N of the central
amide and the D830.

The structures of the S2 domains of S proteins of SARS-CoV, SARS-CoV-2, and MERS-CoV
share major similarities (24). The fusion peptides of both SARS-CoV and MERS-CoV are also
highly flexible and typically disordered in the S protein structure and can form a similar
hydrophobic pocket. Docking of DCCZ and fluoxazolevir to the pocket showed the same
binding mode. Interestingly, the key interaction residues D867 and F833 in SARS-CoV-2
are highly conserved in SARS-CoV and MERS-CoV.

FIG 5 Legend (Continued)

active against pseudotyped VSVs harboring SARS-CoV-2 S. (b) Purified recombinant S1-S2 protein was incubated with CCZ-DB at room temperature for 2 h,
subjected to UV cross-linking, and then purified by Neutravidin beads followed by Western blotting with anti-S2 antibody. Recombinant S1-52 protein was
included as a reference. In one sample, a 30-fold higher concentration of dichlorcyclizine was added to the CCZ-DB cross-linking condition to test
competition between dichlorcyclizine and CCZ. (c) Structural modeling of SARS-CoV-2 S protein and fusion peptide. The three-dimensional structure of
SARS-CoV-2 S protein trimer was used for docking analysis of dichlorcyclizine and fluoxazolevir. The monomeric S protomer with the down (green) or up
(turquoise) receptor binding domain (RBD) conformation and the N-terminal domain (NTD) are depicted in the middle. The fusion peptide (magenta) and
heptad repeat 1 (HR1) (brown) of S2 are shown. The locations of the variant amino acids (N439K, Y453F, E484K, N501Y, D614G, and P681H) described are
shown as red stars. The zoom-in views of the fusion peptide in open conformation, bound compounds, putative interacting amino acid residues, and
surrounding structure are shown at the right (top, dichlorcyclizine; bottom, fluoxazolevir). The zoom-in views are shown as electrostatic surface renderings
using PyMOL software (blue and red surfaces indicating electropositive and electronegative surfaces).
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DISCUSSION

Small-molecule antivirals can act against viral infection at multiple steps, including block-
ing viral entry, suppressing virally encoded enzymes, inhibiting virus assembly, or targeting
a host factor required for replication (53). Small-molecule drugs also have the advantage of
oral or other topical (aerosol) delivery, larger manufacturing capacity, longer shelf-life, and
combination regimen. Multiple direct-acting antivirals are currently under evaluation to treat
COVID-19 (54-57).

In this study, we evaluated the efficacy of previously identified small-molecule HCV
fusion inhibitors (S)-CCZ, dichlorcyclizine, and fluoxazolevir for their efficacy against SARS-
CoV-2 (14, 15, 58). While the fusion process of enveloped viruses can be grouped into
three distinct classes based on the prefusion structures of their envelope proteins (types |,
Il, and lll), the fusion-competent structures and the membrane fusion processes are quite
conserved among all these viruses (16, 17). Thus, we reasoned that the above-described
compounds have antiviral effects against SARS-CoV-2. Using pseudotyped viral assays, we
found that these compounds are effective against SARS-CoV-2 and other highly pathogenic
human CoVs with single-digit micromolar ECy, values in several different cell lines. Similar
results were also observed in full-length infectious SARS-CoV-2 cell culture systems.

SARS-CoV-2 enters into host cells via the S glycoprotein that forms homotrimers
protruding from the viral surface (6). S has two functional subunits, ST and S2. S1 is responsible
for binding to the host cell receptor (ACE2), and S2 mediates fusion of the viral and cellular
membrane (6). S is cleaved at the junction between the ST and S2 subunits, and the subse-
quent S2' site is cleaved by host cell proteases such as TMPRSS2 or cathepsins (7, 8). SARS-
CoV-2 is thought to enter into host cells via two distinct fusion pathways, the endosomal
fusion pathway or the plasma membrane fusion pathway (7). The S2 domain, upon binding of
the receptor binding domain of S1 to ACE2, undergoes conformational change and forms a
fusion-competent triple helical structure that is highly conserved among most enveloped
viruses (17). The hydrophobic fusion peptide then is inserted into the cellular membrane
(either plasma or endosomal), bringing the cellular and viral membranes together to achieve
viral fusion (17, 38, 59).

Our compounds are equally active against SARS-CoV-2-S pseudoviruses containing S pro-
tein mutations described in naturally occurring variants, including the delta variant as well
as live infectious variant viruses (18-35). The Y453F mutation has been described in the
SARS-CoV-2 strain infecting farmed minks and their handlers and is possibly associated with
altered tropism. The N501Y and P681H mutations present in the alpha and beta variants
have been linked to a more rapid spread of the virus, less susceptibility to vaccine-induced
immunity, and possibly more severe disease (23). Thus, compounds targeting viral fusion (a
highly conserved process), like the compounds described here, are a promising therapeutic
approach against SARS-CoV-2 and emerging variants with mutations in the spike protein.

Based on the time course of compound addition and binding assays, dichlorcyclizine
and fluoxazolevir do not appear to interfere with the initial attachment of virus to the cells
and inhibit viral entry at a late step that is consistent with viral fusion. Cell-cell fusion assays
further supported the mechanism of action of these compounds in blocking viral fusion of
SARS-CoV-2, similar to the mechanism of action of these compounds in their anti-HCV activ-
ities. We recently showed that CCZ inhibits viral fusion in HCV entry by direct binding to the
fusion domain of HCV envelop glycoprotein 1 (15). Fluoxazolevir has a mechanism of action
similar to that of CCZ (14). By virological analyses, biochemical assays, and molecular model-
ing, CCZ fits into a hydrophobic pocket bordered by the putative fusion peptide of the HCV
E1 protein (15). Biochemical assay with a cross-linking affinity probe and molecular modeling
of CCZ and the S protein of SARS-CoV-2 demonstrate docking of the compounds into a simi-
lar structure near the fusion peptide of the S2 domain of SARS-CoV-2. Such binding may inter-
fere with the dynamic structural changes associated with transition from prefusion to postfu-
sion conformation. More experimental data, such as mass spectrometry, to pinpoint the
binding location are necessary to validate the cross-linking and modeling results. A recent
study described the development of a peptide-analog fusion inhibitor based on interaction of
HR1 with HR2 of the S2 protein during the fusion process (60).
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Using an in vitro system, we tried to select for dichlorcyclizine resistance-associated
mutations but could not observe any evidence for emergence of drug resistance. It is not
totally surprising that no drug-resistant isolates emerged, because the fusion mechanism
and fusion peptide of the SARS-CoV-2 S protein are highly conserved. From a therapeutic
perspective, it is reassuring to know that drug resistance may not be a major concern.

The anti-SARS activities of these compounds are lower (ECsos about 1-log higher) than
their anti-HCV activities. It is possible that the binding efficiency of these compounds to the
putative binding domain of SARS-CoV-2 S protein is lower than that to the HCV E1 domain.
Additional experiments are necessary to verify and characterize whether these compounds
indeed bind directly to the fusion peptide or other fusion-critical sequences on the S protein
of SARS-CoV-2. Future efforts to improve the efficacy of these compounds by conducting
structure-activity relationship campaigns and testing in animal models will be important in
developing these compounds into clinically effective drugs against COVID-19. These com-
pounds are promising candidates for further development and could be important in stop-
ping the spread of and treating those infected by SARS-CoV-2 and its variants as well as
future emerging coronaviruses.

MATERIALS AND METHODS

Cells, chemicals, and antibodies. Huh7, Vero E6 (CRL-1586; ATCC, Manassas, VA, USA), Vero T2
(TMPRSS2-expressing cells; provided by Siyuan Ding) (61), and Vero (CCL81; ATCC) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Corning, Corning, NY, USA). 293ACE2 cells (62) were
maintained in DMEM (Corning) with 1 wg/ml puromycin. MA104 (CRL-2378.1; ATCC) and Hela cells were
grown in M199 medium (Thermo Fisher Scientific, Waltham, MA, USA) and EMEM (ATCC), respectively.
Vero T2 cells were described previously (59). All media were supplemented with 10% heat-inactivated
fetal bovine serum (MilliporeSigma, Burlington, MA, USA) and 1% penicillin-streptomycin (Thermo Fisher
Scientific), and the cells were maintained in a 37°C and 5% CO, incubator.

Chemical compounds were purchased from commercial sources: remdesivir (MedKoo Biosciences,
Morrisville, NC, USA), chloroquine (Key Organics, Camelford, UK), camostat (MilliporeSigma), E-64d
(MilliporeSigma), and itraconazole (MilliporeSigma). (S)-Chlorcyclizine (CCZ) was purified from racemic chlor-
cyclizine (MilliporeSigma) (58). Dichlorcyclizine and fluoxazolevir were produced by American Biochemicals,
Inc. (College Station, TX, USA) using synthetic protocols described previously (11-13). Antibodies against
SARS-CoV-2 S protein were purchased from various commercial sources (GeneTex, Irvine, CA, USA, and Sino
Biological, Chesterbrook, PA, USA) and used for controls for various virologic assays. Heparan sulfate sodium
salt from porcine mucosa (MilliporeSigma) was used for the viral binding assay.

Plasmid construction. Codon-optimized SARS-CoV S (Sino Biological), SARS-CoV-2 S (GenScript,
Piscataway NJ, USA), and MERS-CoV S (Sino Biological) cDNA plasmids were purchased from commercial
sources. The C termini of SARS-CoV and SARS-CoV-2 S genes (containing an endoplasmic reticulum retention
signal) were truncated by 20 amino acids to enhance virus yield (39, 63). A single-nucleotide mutation was
introduced at nucleotide 3705 (T to A) for SARS-CoV and at nucleotide 3759 (C to A) for SARS-CoV-2 using an
In-Fusion cloning kit (TaKaRa, Kusatsu, Japan) according to the manufacturer’s instructions, which resulted in
an amino acid change from Cys to a stop codon. For MERS-CoV, a wild-type S ¢cDNA construct was used. In
brief, pCMV-VSV-G (Addgene plasmid number 8454) (64) was digested with BamHI to remove the VSV-G
sequence. The S sequences were then assembled into the cytomegalovirus promoter-containing backbone.
Ten naturally occurring viral mutants (spike protein sequence mutants N439K, L452R, Y453F, S477N, E484K,
N501Y, D614G, Q677H, N679S, and P681H) (18-24, 28-35) were introduced individually into the S cDNA con-
struct by either QuikChange Lightning site-directed mutagenesis kits (Agilent Technologies, Santa Clara, CA,
USA) or a Q5 site-directed mutagenesis kit (New England BioLabs, Ipswich, MA, USA). The alpha (69/70 deletion,
N501Y, D614G, and P681H) (25), beta (K417N, E484K, N501Y, and D614G) (27), and delta (T19R, G142D, 156/157
deletion, R158G, L452R, T478K, D614G, P681R, and D950N) (26) variant S constructs were similarly generated.
In-Fusion primer and the sequence information for SARS-CoV S, SARS-CoV-2 S, MERS-CoV S, and three SARS-
CoV-2 S mutants are found in Text ST and Tables S2 and S3 in the supplemental material. The assembled con-
structs were used for VSV pseudotyped virus generation.

For the cell-cell fusion assay, additional sequences were inserted into the above-described SARS-CoV-2
truncated S construct to generate truncated S-GFP and truncated S-SmBit constructs. The same BamHI-
digested pCMV-VSV-G backbone was used for both constructs. For S-GFP construction, the truncated S
sequence and P2A-GFP sequence were amplified by PCR and assembled with the digested backbone using
the In-Fusion cloning kit according to the manufacturer’s instructions. The P2A self-cleaving peptide and GFP
sequences are found in Text S1. For S-SmBit construct generation, the truncated S and P2A sequences from
the above-described construct were amplified by PCR and assembled as described above. Because of the short
SmBit sequence, truncated S-P2A and SmBit sequences were amplified together in one reaction with a primer
that includes SmBit sequence. RFP- and LgBit-expressing constructs were generated similarly. The RFP
sequence and LgBit sequence from a NanoBiT PPI starter system kit (Promega, Madison, WI, USA) were ampli-
fied by PCR and assembled as described above. The RFP sequence used here is found in Text S1. For GFP-
SmBit control plasmid construction, only the GFP (from the above-described S-GFP plasmid) and P2A-SmBit
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(from the above-described S-SmBit plasmid) sequences were amplified by PCR and assembled into the back-
bone plasmid. The In-Fusion primers for generating fusion assay constructs are shown in Table S2.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, PDF file, 0.18 MB.
FIG S1, TIF file, 1.8 MB.

FIG S2, TIF file, 1.9 MB.

FIG S3, TIF file, 7.3 MB.

FIG S4, TIF file, 1.9 MB.

FIG S5, TIF file, 1.9 MB.

FIG S6, TIF file, 1.9 MB.

TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.01 MB.
TABLE S3, DOCX file, 0.01 MB.
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